DNA sequences are key elements for both identification and classification of living organisms. Mainly for historical reasons, a limited number of genes are currently used for this purpose. From a mathematical point of view, any DNA segment, at any location, even outside of coding regions and even if they do not align, could be used as long as PCR primers could be designed to amplify them. This paper describes two methods to search genomic data for the most efficient DNA segments that can be used for identification and classification.
INTRODUCTION
Since the early days of classification, taxonomists have struggled with the available information and characteristics of their organisms of interest to develop systems that reflect the true phylogeny as closely as possible. Morphological, physiological or chemical characters were used with some success. It is only in recent years, with the development of molecular methods, that we have a better understanding of the evolutionary relationships among species. It was in the morphologically reduced and thus taxonomically difficult groups, such as bacteria or yeasts, where morphology and even physiology were obviously no longer sufficient to distinguish species, that sequencing was first used in identification and phylogenetic analyses. In the early days, because of time constraints, financial issues and technical difficulties, only single gene phylogenies were generated. The choice of the ideal gene to sequence was based on four major criteria: its presence in all organisms to be studied, ease of PCR amplification and sequencing, it's supposed evolution rate, and the absence of pseudogenes, paralogs or orthologs that could complicate amplification and analysis. Choices were never really based on objective and measurable criteria. Ribosomal genes were exploited for many phylogenetic studies, because before the invention of PCR, ribosomes could be isolated and short sequences determined using chemical methodology. The small and large subunits, as well as the Internal Transcribed Spacers (ITS 1 and 2) regions of the rDNA gene cluster were widely used. Mitochondrial genes, like Cox1 (also widely known as CO1), have also been used by some phylogeneticists.
*Address correspondence to this author at the CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; Tel: +31 (0)30 25 12 097; Fax: +32 478 28 57 64; E-mail: v.robert@cbs.knaw.nl When first large molecular phylogenetic studies were completed, it was obvious that many clades were poorly supported statistically when only one or two genes were used. Recently, several authors explored possibilities for analyzing several genes to obtain the true phylogeny [1] [2] [3] [4] [5] [6] [7] . Some [1] suggest that a few genes (5 to 20) randomly selected could be sufficient to obtain the "true phylogeny". Of course, the ideal solution would be to use only one gene for phylogenetic studies, DNA barcoding and identification.
The possibility to sequence the full genome of several organisms introduced additional options to address questions related to evolution or function. In this article, we describe approaches to make an objective choice for the best genes and to define the "ideal" number of genes to be sequenced for a group of interest.
The first approach to find useful genes is the Ideal Locus Method (ILM). Such a locus would provide a phylogeny as close as possible to the whole genome phylogeny and would distinguish distantly and closely related species.
From our results obtained with ILM, it was clear that finding very good loci was possible but that PCR amplification would be extremely problematic to implement. Finding primers that would work across phylogenetically diverse groups, and even within some closely related taxonomic groups, was not a trivial task.
The second approach, called Best Pair of Primers Method (BPPM), was to identify short conserved regions that could be used as forward and reverse primers for any fungi, or a selected taxonomic group of fungi. The variable regions between these two primers were analyzed and subsequently the ability of the amplified regions to be used as reliable phylogenetic representatives and/or as potential barcode candidates for identification was assessed.
1.
Define methods to adequately select the minimum number of loci needed to generate reliable phylogeny;
2.
Find out which genes are the most "suitable" ones in terms of fitting with full genome phyologeny and amenability to PCR amplification;
3.
Determine how those best genes perform compared to the currently used genes;
4.
Determine if the best genes are "usable" in the laboratory for barcoding or phylogenetic studies.
The Ideal Locus Method must also answer the following two questions:
1.
Can primers be found that amplify the targeted regions easily for a larger set of species than used in the current study?
2.
Is the whole stretch of the gene needed or can only the most informative regions be used?
The results obtained using the two approaches have important implications not only for phylogenetic studies but also for DNA barcoding and identification. There is no doubt that an adequate and reliable selection of genes will have a tremendous impact on the accuracy and the speed at which identifications can be performed.
THE QUEST FOR THE IDEAL LOCUS

Material and Methods
Principles of the method
In this first approach, in contrast to the next method, protein rather than DNA sequences were used. The reason for that is that the alignment of DNA sequences is much more complex than the alignment of proteins.
All genes are compared with the genes of all others species included in the analysis, searching for similar gene segments. The search is performed in forward and reversecomplement directions. The obtained gene sequences where then translated into protein sequences and all the segments found were then aligned and organized into coding regions. All the genes found are assigned to euKaryote Orthologous Groups (KOGs) of proteins, as shown in Fig. (1) . For the search of the presence-absence of a cluster of orthologous proteins, the method developed for prokaryote was used as described by Snel et al. [8] . As many of these genes are not found in all species, it is necessary to filter them out and keep only those found in all species of interest. At this point one or several copies of the same KOG and for each species/genome were obtained. Another selection step has been introduced to reduce the number of copies to a single copy by keeping the copy that maximizes the Fig. (1) . KOG selection and filtering. KOGs that are not present in all genomes are not retained for the complete analyses (in the example, Kog2, Kog5, Kog7 and KogN are not accounted since they are absent in at least one of the genomes studied). Only one copy per KOG and per genome is kept (see red rectangle around the selected arrows) for further analyses. similarity with the other copies of the same KOG in the other analyzed genomes.
In the next step, a multiple alignment (using ClustalX [9] ) for each KOG was produced using one KOG copy per genome. The resulting multiple alignments could have been transformed into phylogenetic trees using one of the numerous tree reconstruction algorithms (see below). Then, trees could have been compared with each other. However, this route was not followed since the steps between the multiple alignments and the tree reconstruction could introduce possible distortion and unnecessary complication. Instead, the multiple alignments were transformed into distance matrices using the Kimura algorithm [10] .
A reference matrix (i.e. the "true matrix") was created by concatenating all multiple alignments of the different KOGs to build a large multiple alignments representing the KOGs present in all of the selected genomes. A distance matrix and a number of phylogenetic trees were then obtained on the basis of the concatenated multiple alignments.
The obtained phylogenetic trees and distance matrix were then considered as references to analyze single gene phylogenies or matrices. All single gene distance matrices were compared to the reference concatenated matrix (RM) via the Pearson correlation algorithm (Mantel test) and ranked according to how well they fit with the ideal or reference phylogeny. From there, the best possible genes for phylogenetic analyzes on the group of interest were selected, from which potentially barcoding candidates were then selected.
To rank the loci according to their ability to reproduce the "ideal" phylogeny and to decide how many of the loci should be used and in which order a so called "gravity center" method [11] was used. The locus multiple alignment represented by its distance matrix minimizing the distance with all the remaining distance matrices was selected as the best gene and was considered to be the "gravity center" (GC) of the system. The next best one was the nearest neighbor of the GC. The second best was slightly further away and so on. Similar results were obtained with other methods not described here.
Genomes Analyzed
Twenty five genomes were used for the ILM study. They are listed in Table 1 . 
Tree Reconstruction
The concatenated alignment has been analyzed using maximum parsimony, neighbor joining, quartet puzzling using maximum likelihood and Bayesian inference using Markov chain Monte Carlo. Maximum parsimony and neighbor joining analyses have been done using PROTPARS (heuristic search with characters equally weighted) and PROTDIST (Kimura formula) from Phylip [12] , respectively. Nonparametric bootstrap support for maximum parsimony and neighbor joining has been calculated from 100 re-sampling rounds. Maximum likelihood trees have been constructed with the TREE-PUZZLE program [13] using the Whelan & Goldman [14] model of amino acid substitution and 1000 puzzling rounds. For Bayesian inference, we have used MrBayes 3.0b4 [15] , with four incrementally heated simultaneous Monte Carlo Markov chains over 50 000 generations using random starting trees and a Poisson model of amino acid substitution. Trees have been sampled every 10 generations, resulting in an overall sampling of 5000 trees, of which the first 2000 have been discarded. The remaining 3000 trees have been used to estimate posterior probabilities (i.e. probabilities that groups of taxa are monophyletic, given the data) by computation of a 50% majority-rule consensus tree. Branch lengths have been averaged over the sampled trees, again discarding the first 2000 trees. Stationarity of the process has been controlled using Tracer software, version 1.0 [16] . The Bayesian Markov chain Monte Carlo phylogenetic analysis has been repeated, again using random starting trees, to test the independence of the results from topological priors.
Results and Discussions on the Ideal Locus Method
The "ideal tree" or super tree for the 25 genomes studied based on 531 loci is presented in Fig. (2) . As can be seen, some species belonging to the same genus are not clustering together. Similar observations were made previously and these issues have been addressed by Kurtzman [2] and Kuramae et al. [17, 18] . The distance (super) matrix underlying the multiple alignment that was used to reconstruct this super tree, was used as a reference and correlated (Pearson coefficient) with all the individual KOG's distance matrices. Correlation results are summarized in Fig. (3) and Table 2 . One third of the genes (29.8%) produce a phylogeny that is highly correlated with the super matrix. Seventy percent of the gene's matrices have a correlation higher than 0.70 with the super matrix. Only a few genes (25) show no or a very low correlation with the reference phylogeny. Neither the length (Pearson's coefficient of correlation = 0.28) nor the evolutionary rates (Pearson's coefficient of correlation = 0.018) of the KOGs are related to or could explain the level of correlation with the super matrix. The loci showing the highest level of correlation with the super matrix are presented in Table 3 . Their predicted functions, obtained from the NCBI website, are also provided. KOG 1234 has a correlation of 0.986 with the super matrix (i.e. the reference phylogeny). A large number of loci could be used to reconstruct a robust phylogeny from very diverse taxa.
The type, the order and the number of loci that should be used to produce reliable phylogenies, depends on the taxa to be classified. However, the high correlation levels obtained by some loci indicate that one gene would be highly reliable if well selected. Though, with only one gene and with a high number of taxa, some taxa would be incorrectly placed on the tree because the correlation is not perfect and the number of outliers would increase with sample size. On the herein studied dataset of 531 KOGs and 25 genomes the evolution of the average Pearson correlation levels was computed when comparing all single KOG distance matrices and the distance matrices from an increasing number of the concatenated KOG alignments (see Fig. 4 ). Depending on the desired level of correlation with the ideal phylogeny, one could decide to use one, ten or more genes for a given group of organism. In the herein studied dataset, the maximum correlation level found was reached with 190 concatenated KOGs. As expected, using the fungal subset of the dataset of the 25 genomes analyzed more than twice more KOGs were found that are common to all species and showed even higher correlation levels with the super matrix (i.e. the reference phylogeny). With the results shown in this study, it seems obvious that a relatively large number of loci could be used alone or in combination to reproduce almost perfectly the reference phylogeny. This can be achieved, without having to sequence and analyze the whole genome of the organisms of interest. However, looking at the practical aspects of the results obtained here, we were not able to find good/universal primers (forward and reverse) to easily amplify the KOGs of interest from a large range of different organisms. Multiple alignments of protein coding genes are much easier to handle and probably more relevant and reliable as source of deep phylogenetic information than their DNA counterparts. However, when going back to the DNA multiple sequence alignments of the most interesting KOGs to identify potential primer sequences, it was impossible to find any conserved regions that could be used to amplify the loci of interest from a wide spectrum of organisms. It must be noted that degenerate primer design solutions were not tested. We believe this to be a fundamental difficulty despite the fact that for practical reasons not all possible loci for all combinations of species were tested. The lack of conserved primer target regions is a serious issue especially in view to a potential DNA barcoding application. Another limitation of the "Ideal Locus Method" is that it is only using the protein coding loci whereas non-coding regions could be of interest, especially for identification or DNA barcoding. To overcome these issues other approaches were investigated as described below. Fig. (4) . Evolution of average Pearson correlation levels when comparing all single KOG distance matrices and the distance matrices from an increasing number of the concatenated KOG alignments.
SEARCH FOR BEST PAIR OF PRIMERS
Material and Method
Principles of the Method
This method, called Best Pair of Primers Method (BPPM), was developed to bypass some of the limitations encountered with the KOGs method. Instead of concentrating on the phylogenetic content of the genes like in the ILM, the major aim of the BPPM approach was to find good primer pairs, relatively well conserved for a large group of species (all fungal species in our case study), to amplify highly variable regions. This second approach is therefore more pragmatic than the ILM. Instead of focusing on genes, it focuses on the primers.
The following constrains have been chosen:
The whole genome must be used, including DNA without known function, as well as non-coding DNA.
2.
The best DNA segments must be easily detected and amplified using relatively well conserved primers.
In a preliminary attempt to find conserved primer pairs, conserved regions longer than 16 nucleotides were searched. A number of algorithms to achieve such a task were developed; the most promising have been optimized to ensure the highest possible speed.
In practice, all sequences are compared pairwise and all segments of at least 24 nucleotides are saved in a table. It is easy to understand that the shorter the minimal size of the segment, the highest the number of records written in that table. For example, searching for all segments of 12 nucleotides found in at least two species would result in many millions of records saved. This is why primers of 24 conserved nucleotides seems to be ideal and the search focused therefore on such length. Although the searching task is extremely computer-intensive, it could be processed on a basic computer in a couple of weeks on a dataset of 52 genomes. The major disadvantage of using such a long primer size is that only 31 genomes (out of 52) were found to have common primer pairs. Even worse, the most common high quality primer pair was present in only 18 of the studied species. When trying the latter method on shorter primers two types of problems were encountered. The number of possible primers increased dramatically and the time needed to search for all primer pairs increased as a square of the number of primers. So it is clearly unrealistic to apply the method to primers much smaller than 24 characters in length. In addition, the most important consideration in primer design is to have a very well conserved section on the 3' end of the primer while the 5' end can show some variability without necessarily hampering the amplification ability of the primer. Hence, an alternative method called the "Short Primer Method" was developed.
In the "Short Primer Method" the following six steps were executed:
1.
Assembling a list of all possible primers having a fixed length of 12 nucleotides. This size was selected on the basis of practical and technical considerations. The number of primers is 4 12 = 16777216. This amount can be kept in a computer memory easily. Using 13 or 14 nucleotides remains feasible on common computers. Over 16 nucleotides, a cluster of computers may become necessary. For example, for 16 nucleotides, the number of possible primers is 4 16 4 billion. A 64 bits operating system become mandatory an managing 4 billion records in a database can be extremely slow if a single hard drive is used.
2.
Searching for the presence of these primers in all genomes. This search is much faster than searching for existing primer pairs because no DNA comparison is made. Each DNA record is simply scanned species by species and for each species a single column containing how many times that 12-mers have been found, is saved. The final result is a table with 16777216 rows and one column per species.
3.
Keeping primers that have a good quality (see below) and also being present in most species. This operation is straightforward as we already know how many times each primer is found in each species.
4.
Using these best primers and search for possible primer pairs.
5.
Using the best primer pairs to extract the intermediate DNA sequence. The target length of the intermediate sequence was set to 200 to 1000 nucleotides. These numbers were chosen to ensure a minimum variability and to allow for ease of amplification and sequencing.
6.
Compare the amplified DNA of the different species with each other and build distance matrices and trees for comparison with a reference matrix and tree. This last step is to ensure that the amplified DNA would produce a relatively coherent phylogeny but would also be able to discriminate closely related species.
Genomes Analyzed
At the time of this part of the study, seventy seven fungal genomes were available. They are listed in Table 4 . Of the 77 species, 74 have complete DNA sequences. Podospora anserine, Melampsora laricis-populina and Trichoderma reesei were excluded because only protein data are available. Genome data were stored in 3 tables containing 3 different levels of information: genes, contigs and supercontigs. The 3 different levels have been used and combined to extract the desired information.
Results and Discussions on the Best Pair of Primers Method (BPPM)
Building the List of Possible Primers
A length of 12 nucleotides was chosen, simply because the total number of primers, given by the following equation, 4 12 = 16777216, gives a reasonable amount of records. In practice, with the actual computer technology, a maximum value of 14 nucleotides is possible. The length of 12 nucleotides is an interesting value from a practical point of view since all primers with a length greater than 12 are also detected. Therefore, it is possible to construct longer degenerate primers with a core of 12 conserved nucleotides at the 3' end. In this step, a table was filled in with these 16777216 primers. For mathematical reasons, a unique key has been assigned to each primer. Each nucleotide is encoded with 2 bits: a = 0, c = 1, g = 2, t = 3. A simple 32 bits key allows encoding at most 16 nucleotides. A simple loop can generate all primer keys and sequences easily. Most computation and comparisons use the 32 bit keys instead of DNA strings. If a primer of more than 16 nucleotides was chosen, the key would had to be stored in a 64 bit integer.
Search for Primers in All Genomes
For each species, one column was added to the primer table, to store the number of times a given primer was found. Primer quality and the number of species where the given primer was found were also stored in the database.
For each species, a map of primers was allocated, with the key of the map being the primer sequence key, the value of the map being the number of occurrences.
( The DNA records were loaded, by taking the first 12 nucleotides, generating the corresponding 32 bit key, and keeping the result in the map above : ++mPrimers[key];
The 12-nuclotides floating window was then shifted right by one nuclotide, the key was re-computed and saved in the map. The same operation was repeted up to the end of the DNA sequence.
This procedure was applied to all the DNA sequences and to their reverse-complement DNA sequences. The advantage of generating all 16777216 records in advance in the database is that the primary key of the table, which is the DNA key, is build only once, allowing very fast record search during the operation. In memory, the key is identical to the index of the record in the record table. At the end of the procedure, the primers map was saved into the database. The beginning and the end of the 16777216 records dataset are given in Table 5 . Column "Species No" gives the number of species where the sequence was found. Column "Species 1" represents the number of copies of the sequences in the genome of species 1.
Primer Quality
One can immediately notice that a primer like "aaaaaaaaaaaa" is very common and can be found more than a million times in some species. Such primers were directly removed from the analysis to avoid useless computations. A primer quality ranking algorithm was also designed to filter primers that were not suitable for DNA amplification.
The quality of a primer is difficult to determine. What was needed was a fast and simple algorithm capable of rejecting very poor quality primers. Three bad-quality factors were computed: • F1 = the number of the most frequent nucleotide / size of the sequence. This factor is close to one for all sequences displayed in Table 5 , and close to 0.25 for a random sequence.
• F2 = Comparison of the sequence with itself with an offset = 3 nucleotides. This factor is very high for sequences containing a long list of nucleotides triplets like the following one: • F3 = Comparison of the sequence with its reverse complement, with an offset greater than half the sequence size. This is in fact the detection of hairpins.
All these factors take a value of 0.25 for a random sequence, and a value of 1.0 for a very bad primer. As such the factors F2 and F3 have been rescaled with the following equation: F = (F -0.25) / 0.75.
The final quality is given by:
Keeping Good Primers
After all DNA sequences had been analyzed, a simple query was applied to compute the number of occurrences of each primer in the database, as shown in column "Species No" ( Table 6) .
At this step, the primer results were analyzed and only the most interesting ones were kept. For practical purposes, it was decided to keep primers with a quality above 0.5 and present in 73 species as shown in Table 6 .
This was used to decide how to filter the primers before proceeding to the next step, which is the search of possible primer pairs. Such search is not possible using millions of primers because the amount of possible primer pairs increases as a power of the number of primers used in the pairs. Therefore, for practical purposes, it was decided to only keep primers with a quality score of 0.5 or higher.
Regarding the number of species in which the primer must be present, it became clear that taking 74 (which means present in all species) was a too strict, since having just one incomplete DNA sequence data set for one species might lead to the elimination of good primers. Once again, the choice was quite subjective but since the main aim of the study was to find primers that are as universal as possible, the limit was set to 73 species. So the number of primers used for the next steps is 204472. A total of 1408 primers of any quality were found in 74 genomes while only 832 primers have a quality between 0.5 and 0.75. No primer was present in all genomes with a quality score above 0.75. Table 6 provides the number of primers found in at least 74, 73, 72 … 65 species and having a quality of at least 0.0, 0.5, and 0.75. For example, there were 204472 primers with a quality >= 0.5 found in 73 species (the red value in Table 6 ).
Searching for Possible Primer Pairs
At this step, the whole genome of each species were scanned a second time, and searched for possible primer pairs. The criterion to find an acceptable primer pair was that the intermediate regions between the two primers should contain between 200 and 1000 nucleotides (see Fig. 5 ).
Initially all 204472 primer candidates were loaded and transformed into 32 bit keys in a map. Then all DNA records of all species were looped on and the first 12 nucleotides, transformed as a 32 bit key, were used to search in the map of primers candidates. If no sequence was found, the downstream primer A was then shifted by one nucleotide and searched again, etc. If the sequence was found in the genome sequence, the sequence was called primer A. The next 12 nucleotides were then used as a key and the search was performed again 212 nucleotides downstream to look for the next primer in the primers candidates. If the sequence was found, this was considered as a valid primer pair, and both primers were saved in a list of primer pairs. If not found, primer B was shifted by one nucleotide and searched again up to a maximum distance of 1000 nucleotides between primers A and B. If no pair was found, primer A was shifted to the right by one nucleotide and searched again, etc. During the scanning of all the genomes, all primer pairs found were kept in memory. When all species were covered, all primer pairs that were present in at least 37 species (half of the 73 species chosen in Table 6 ) were saved in the database.
A partial result is displayed in Table 7 , with all the primer pairs present in at least 48 species out of the 74 genomes studied.
It must be noted that there were no primer pairs found that were present in all 74 genomes studied. The best pair was found to be present in 52 species but its quality was low. Some primer pairs provided in Table 7 were low quality primers and could not be used for DNA amplification. Some of these primer pairs could amplify more than 10000 different homologous and non-homologous DNA segments in a single species. Additional filtering was therefore necessary to keep valid primers. Only the primer pairs for which the sum of the quality of primers A and B was greater than 1.0, as underlined in Table 7 were kept. From this table, one can notice that some primers were extremely similar and in fact, they can sometimes be combined to form a longer possible primers (see example in Fig. 6) .
For each of 3223 primer pairs kept inter-primer regions were stored as Fasta format in primer pair results file.
For each primer pair results file, the following procedure was followed:
1.
All sequences were compared with all others and these sequences were sorted in decreasing average similarity order. In other words, the first one was the most similar to all others and was called the gravity center [11] .
2.
For each species not already present in the results file, the database was scanned for the sequence most similar to the gravity center sequence. The similarity must be above or equal to 0.5. So, at most, one sequence was added to the file.
3.
The gravity center sequence was compared in a pairwise alignment against Genbank to determine if the gravity center sequence had a known function. The 10 most similar genes were added as comment on top of the results file. The similarity must be >= 0.8.
All results files were sorted by function. Most sequences were located in the 5.8 S, 18S, 28S, 26S or 60S regions of the rDNA gene cluster, as shown in Table 8 . As the 5.8S, 18S, 28S, 60S regions of the rDNA gene cluster are already Fig. (5) . Search for pairs of primers.
intensively studied, the "Unknown" group, containing 308 results files, was considered for the rest of the study.
For each results file, corresponding to one primer pair, all sequences were compared with all others and the result matrix was saved. It is clear that some of these primer pairs give very similar results. Grouping these primer pairs so that all pairs of a single group return highly similar or identical DNA sequences was made by computing the covariance matrix between all the similarity matrices. Table 9 gives the 20 first groups that can be made from the primer pairs present in at least 68 of the 74 species studied. These groups also include a number of primer pairs found in less than the 68 species. In each group, there is always a primer pair that is the most similar to all other primer pairs of that group. That is the one displayed in column 2 of Table 9 . Interestingly, most of these primer pairs were also from wellknown regions used for phylogeny and molecular taxonomy. Fig. (6) . Combination of a few 12 nucleotide long primers may combine into primers of longer length. 
Comparing amplified DNA
For the best 20 primer pairs, which were all found in at least 68 of the 74 genomes studied, the sequences between primers A and B were used to compute the similarity between all species based on pairwise sequence alignments. The resulting similarities were stored in similarity matrices and a hierarchical clustering tree (UPGMA) was produced to evaluate the relevance of the produced classification (data not shown). Finally, all the trees were manually reviewed and a multiple alignment of the best one was produced (subjectively chosen). The later corresponding the sequences obtained with the primer pair aacaagatggac-ctccaagaacga, was used to produce the (UPGMA) phenetic tree shown in Fig. (7) .
One problem that occurred is that non-homologous sequences were returned by some of the primer pairs and this is visible in the tree of Fig. (8) . In this case, primer pairs returned sequences that corresponded to two different (nonhomologous) regions in the genome, generating two groups of information, and thus generating two major branches in the tree.
WORKING WITH GROUPS OF FUNGI AND PRIMER ANALYSIS FOR EACH TAXONOMIC PHYLUM
The process described above was repeated on a subset of the species (phylum) to: obtain regions that are phylogenetically more informative. Fig. (7) . Phenetic tree (UPGMA) given by sequence group number 10. . (8) . Phenetic tree (UPGMA) -Primer pair returning two groups of DNA information due to the fact that the primer-pair used amplified two different parts with in the genome of the studied species.
Fig
The number of primers found for different taxonomic phyla is given in Table 10 for the ascomycetes,  basidiomycetes, zygomycetes, oomycetes and chytridiomycetes. The only taxonomic phylum that was studied further in detail was the ascomycetes since our database did not contain enough data for the other groups.
Ascomycetes
The method described above has been applied to the ascomycetes.
Primer Filtering
Before searching for primer pairs, it was necessary to filter the primers to reduce computation time. Table 10 shows that our database contained 57 ascomycetes with complete genomes. So it was arbitrarily decided to keep all primers of sufficient quality (>= 0.5) and present in at least 56 species.
Primer Pairs Search
From these 739585 primers, all primer pairs were searched in the genome of these 57 species. As before, the DNA segment between the two primers must have a length in the range of 200 to 1000 nucleotides. Primer pairs found in too few species were discarded. All primer pairs found in at least 43 species (75% of the 57 species) were saved. Using these primer pairs, all DNA segments present between the primer pairs were extracted from the database and saved in a DNA file. This step generated 957 DNA files.
Similarity Matrix
For each DNA file, all species were compared with all species and a similarity matrix was generated. The DNA sequences were sorted so that the most similar sequence to all others is located on top of the file.
DNA Identification
Using the first sequence in each file, the gene was identified by pairwise alignments against Genbank. A total of 951 sequences were found in 5.8S, 18S, 26S or 28S regions and 6 sequences were found to belong to the elongation factor alpha-1 region. Not a single sequence of interest was found in an unknown area.
Covariance Matrix
The covariance matrix was computed between all of the 957 matrices. All primer pairs (each represented by its matrix) were organized in groups giving similar results. In other words, all primer pairs of the same group return DNA sequences that give similar results when comparing species. Eleven groups were found. They are given in Table 11 .
Compared to the global analysis, the number of groups was limited. The first group included 158 primer pairs, meaning that many primers overlapped with others and that longer primers were easily generated. For others groups, like group 10, only three primer pairs were found, meaning that increasing the primer size rapidly decreased the number of species covered by these primer pairs. For example, if only three pairs were overlapping each other but for one base, they can be merged all into a 14-mers primer without losing any coverage. To the contrary, if 158 primer pairs have been found in a group, much longer merged primers may be built. Computing the average value of a row (or column) in the covariance matrix gives a good idea of how well the corresponding primer pair was representing the group of primers. A value close to 1.0 means that this primer pair gave very similar results to all other primer pairs of the group. If the group was not consistent (i.e. non homologous sequences), some primer pairs had a lower average value. Some groups were highly homogeneous and all primer pairs of the group extracted very similar DNA segments. For example, group 4 is made of 36 primer pairs giving nearly identical results. The average values row by row in the covariance matrix are in the range 0.966 -0.979. Some other groups are much more heterogeneous. For example, groups 3, 5, 6 and 9 seem to contain subgroups extracting different information (i.e. non homologous sequences). The next step is to test all these primers in the laboratory, starting with primer pairs covering a wide range of species, and being representatives of the groups they belong to. Each group should be tested for DNA amplification, and tested as identification and classification candidate.
CONCLUSIONS AND FUTURE WORK
Finding primer candidate pairs with the potential to amplify DNA for species belonging to completely distantly related groups of organisms and providing high phylogenetic information content seems very difficult with limited computation resources. Reducing the species number or reducing the diversity of the species involved, increase significantly the coverage of the primer pairs. In the global search for all true fungi, only seven primer pairs were covering 72 species or more out of the 74 species studied. For the ascomycetes, six primer pairs were found and compatible with all 57 species studied and 186 primer pairs with 56 species.
The result of the Best Pair of Primers Method is dependent on several subjective choices. A critical one is the number of taxa that should be compatible with any selected primer pair. A cut-off value of 73 species (out of 74) and 56 species (out of 57were used for the global and the ascomycetes respectively. Using a lower cut-off value may significantly increase the size of the primer list used to search for primer pairs, and therefore give more options. Considering all primers is not feasible, as the total number of primer pairs to search for would be 16777216 * 16777216 = 281475 billion primers. Thus, primer list reduction cannot be avoided.
Finding new genome regions of high interest and that are not located in 5.8S, 18S, 26S, 28S regions of the rDNA gene cluster or elongation factor 1-alpha has not been successful so far. More research is necessary to enlarge the primer list and apply the method again. However, EF1 alpha has been suggested as a second barcode region after ITS and our results would support this overall approach. The accompanying paper of Lewis et al. [19] proposes an alternative approach that exploits annotated protein families from the Pfam protein families database.
Degenerate primers have not been considered in this study and must certainly be envisaged. One could start from the best 12-nucleotide primers that we have found and search for longer degenerate primers that can then cover a much larger set of species.
The "Ideal Locus Method" showed that a number of genes seem to produce reliable phylogenies fitting almost perfectly with complete genome phylogenies. Such loci would not only be good for phylogenetic studies but would be potentially excellent barcode regions since they are capable of separating closely related species (see Saccharomyces genus for example). The only and major problem at this stage is the lack of universal primers that would make them the really ideal loci. New generation sequencing methods might allow us to bypass such problem since the need for conserved primers could become obsolete.
